Abstract. The reactivity of new biologically active thymine derivatives substituted with 2-(arylsulfonamidino)ethyl group at N1 and N3 position was investigated in the gas phase using CID experiments (ESI-MS/MS) and by density functional theory (DFT) calculations. Both derivatives show similar chemistry in the negative mode with a retro-Michael addition (Path A -) being the most abundant reaction channel, which correlate well with the fluoride induced retro-Michael addition observed in solution. The difference in the fragmentation of N-3 substituted thymine 5 and N-1 substituted thymine 1 in the positive mode relates to the preferred cleavage of the sulfonyl group (m/z 155, Path B) in N-3 isomer and the formation of the acryl sulfonamidine 3 (m/z 309) via Path A in N-1 isomer. Mechanistic studies of the cleavage reaction conducted by DFT calculations give the trend of the calculated activation energies that agree well with the experimental observations. A mechanism of the retro-Michael reaction was interpreted as a McLafferty type of fragmentation, which includes H β proton shift to one of the neighboring oxygen atoms in a 1,5-fashion inducing N1(N3)-C α bond scission. This mechanism was found to be kinetically favorable over other tested mechanisms. Significant difference in the observed fragmentation pattern of N-1 and N-3 isomers proves the ESI-MS/MS technique as an excellent method for tracking the fate of similar sulfonamidine drugs. Also, the observed N-1 and/or N-3 thymine alkylation with in situ formed reactive acryl sulfonamidine 3 as a Michael acceptor may open interesting possibilities for the preparation of other N-3 substituted pyrimidines.
antitumor activity under in vitro [1, 2] and in vivo conditions [3, 4] . To further explore the biological potential of these types of molecules, their structure was modified by combining them with another potent anticancer pharmacophore-the amidine. The amidine group is present in many compounds capable of interacting with a wide range of biological targets [5] , resulting in anti-degenerative [6] , anticancer [7, 8] and antimicrobial activities [9] . These findings encouraged us to explore the synthesis and chemistry of novel N-sulfonylamidino derivatives containing pyrimidine moiety II ( Figure 1 ) and to study their biological properties [10] .
Application of these derivatives as drugs asks for a method that can successfully track the fate of these compounds in organism. HPLC coupled with ESI-MS/MS is often an instrumental technique of choice for this purpose [11, 12] , and knowledge of the fragmentation pattern of the starting material is required. Until now, many papers dealing with usual and unusual fragmentation of sulfonamides have been published [13] [14] [15] [16] [17] , while, to the best of our knowledge, fragmentation of sulfonamidines has not been investigated. Upon CID experiments conducted on simple alkyl-benzenesulfonamides, Attygalle and coworkers noticed a loss of benzenesulfonamide or its protonated form producing alkyl cation or neutral alkene depending on the structure of alkyl substituent [18] . They also observed a low abundance of benzenesulfonyl cation and some other second generation ions. One could assume that these fragments will also appear upon CID experiments conducted on sulfonamidines. Additionally, product ions resulting from the retro-Michael addition of the sulfonamidine II are also expected. Several years ago, Walczak and coworkers observed Michael/ retro-Michael reaction equilibrium on the N-1-and N-3-(2-(methylcarboxy)ethyl)thymine under basic conditions [19] . They found significant difference in rates of retro-Michael addition depending on whether substituent is attached to N1 or N3 position of thymine subunit. Thus, the cleavage of C-N1 bond in a retro-Michael reaction occurs under mild conditions, whereas the same reaction starting from N-3 substituted derivative demands significantly higher temperatures. At the same time, the Michael reagent formed upon cleavage of C-N1 bond reacts with thymine producing significant amounts of N-3 substituted derivatives. Previous theoretical and experimental gas-phase investigations of retro-Michael addition also showed that this reaction is a low barrier process and therefore favorable in the gas-phase regardless of the charge state [20] .
Thymine derivatives employed by Walczak and coworkers are structurally similar to our sulfonamidine II and, having this in mind, one can ask a question whether there is a significant difference in the fragmentation pattern of the N-1 and N-3 substituted thymine. Our aim was, therefore, to investigate reactivity of the N-1 and N-3 subsitututed sulfonamidine in the gas phase and solution. Obtained results will provide useful information that can be used to track these compounds during biological testing. Additionally, observed reactivity of these sulfonamidines will help us to tune desired properties of the second generation sulfonamidine drugs more easily. MS studies were performed in both ES + and ES -modes and the mechanisms of the fragmentations were investigated using DFT methods. Hydrogen/deuterium exchange experiments were performed in order to confirm the number of exchangeable protons and additionally support fragmentation pathways.
Experimental
Preparation of N-Alkyl N-Sulfonylamidino Thymine Derivatives N-1 substituted thymine 1 [10] was reacted with tetrabutylammonium fluoride (TBAF) in dry THF producing new N-3 substituted thymine 5 and N-1, N-3-disubstituted thymine 4 along with unreacted starting compound 1. Additionally, acryl sulfonamidine 3 and free thymine 2 were also identified, confirming that the reaction proceeds through the retro-Michael/Michael addition reaction sequence. Details of the reaction are given in Supplemental Material. The reaction products, five well separated spots on silica gel plates, were scraped off and extracted with methanol. The structures of the products were assigned according their 1 H and 13 C NMR spectra and additionally confirmed by the ESI-MS n studies. Both methods proved the presence of the products 1-5 in the reaction mixture (Scheme 1, and Supplemental Material, Figures S1-S5).
ESI-MS Analysis
The mass spectral data (ESI-MS and ESI-MS/MS) were acquired on the Agilent 6410 Triple Quad mass spectrometer from Agilent Technologies Inc. (Palo Alto, CA, USA) equipped with electrospray ionization (ESI) interface operated in positive and negative ion mode. The samples were prepared in CH 3 OH to a concentration of about 0.05 mg/mL and directly infused. The infusion into the mass spectrometer was performed at a flow rate of 3 μL/min. Nitrogen was used as auxiliary and sheath gas. Spray voltage was set at 4.0 kV, the capillary temperature was 300°C, and the voltage range of the collision cell was 80-180 eV. Full mass spectra were acquired over the mass range m/z 10-2000. MS n (n 9 2) were recorded on the amaZon ETD mass spectrometer (Bruker Daltonik, Bremen, Germany) equipped with the standard ESI ion source (Nebulizer pressure: 8 psi; drying gas flow rate: 5 L/min; drying gas temperature: 250°C). The mass spectrometer was operated in positive and negative polarity mode; the potential on capillary cap was ±4500 V. Helium was used as collision gas. The compounds were dissolved in methanol to a concentration of approximately 0.5 × 10 -6 mol/dm 3 and injected into the ESI source of the mass spectrometer by syringe pump at a flow rate of 1 μL/min.
Calculation Methods
All calculations were performed by Gaussian09 [21] . Structures of each stationary point along the reaction pathways were optimized at the B3LYP/6-31G(d) level of theory [22] [23] [24] [25] [26] and the electronic energies were obtained from the single point energy calculations using the M06-2X/6-311+G(3df,2p) [27] method. Nature of each stationary point was verified by vibrational analyses (NImag = 0 for minima and NImag = 1 for transition state structures). Correctness of each transition state structure (TS) was confirmed by the intrinsic reaction coordinate following until reactant or product region on the PES was reached without a doubt. Gibbs energies of all molecules were calculated by using thermochemical data directly obtained by calculations without any scaling or corrections for the low vibrations. Structures were visualized and plotted by MOLDEN 5.0 program [28] . All energies are given in kilocalories per mole where 1 kcal = 4.184 kJ.
Results and Discussion
Driven by the results of Walczak and coworkers [19] , we decided to investigate the reaction of sulfonamidine 1 (Scheme 1) with fluoride anion as a base. Efficient removal of the arylsulfonyl group from the sulfonamidino compounds by TBAF in THF has been described in literature [29] and, therefore, this reagent was used as a source of fluoride anion expecting amidine deprotection as the significant competitive side-reaction. Using tetrabutlyammonium fluoride (TBAF) [29] to remove the sulfonyl group in 1 gave a complex reaction mixture containing starting material 1, thymine 2, and product compounds 3-5 (Scheme 1) while no products of desulfonation reaction were found.
Considering the structures of the products, it appears that the fluoride, as a sufficiently strong base in THF, induced elimination of thymine 2, giving conjugated acryl sulfonamidine 3 as a potential Michael acceptor. The formation of the N-1,N-3-dialkylated thymine derivative 4 could be explained by the Michael-type addition of starting compounds 1 (F -assists the creation of N3 anion in 1) to acrylic derivative 3, whereas the Michael-type addition of thymine 2 anion to acrylic derivative 3 could lead to the formation of the N-1-alkylated 1 and N-3-alkylated product 5 as reported for similar alkylation reactions with other pyrimidine derivatives [30, 31] . Observed product composition is in qualitative agreement with the known reactivity of N-1 and N-3 substituted thymine derivatives [19] .
We also wanted to test possibility of S-N bond cleavage in the sulfonamidine 1 under different conditions since this process was identified as one of two dominant processes in the gas phase (see ESI-MS results below). Sulfonyl groups are used to protect amines or other nitrogen containing functionalities and they are difficult to remove under standard hydrolytical conditions [32] . Instead, reductive methods are usually employed, such as the use of sodium amalgam [33, 34] , Na-naphthalenide [35] [36] [37] , or magnesium in methanol [38, 39] . In our hands, application of Na-naphthalenide or magnesium in methanol to remove the sulfonyl group in N-1 substituted thymine 1 appeared unsuccessful and mostly the starting material was isolated.
Since the retro-Michael addition was found to be the only process in the solution that encompasses bond cleavage, we conducted a detailed mechanistic investigation of the fragmentation of 1 (N-1) and 5 (N-3) compounds in 
ESI MS Results
Transformation of compound 1 (Scheme 1) was studied by ESI, using the ion trap for MS n studies, and triple-quadrupole for ESI-MS/MS studies. The spectra were obtained at the same concentrations (in MeOH) and conditions in both ES + and ES + and its N-3 substituted isomer [5H] + in ES + mode at the collision energy E lab = 10 eV + produced similar fragmentation scheme. Significant difference between fragmentation patterns starting from 1 (N-1) and 5 (N-3) has been observed in both positive and negative mode. Although the results obtained in negative mode could be better correlated with our experimental results, we shall start with discussion of the results obtained in positive mode since the differences in fragmentation channels are richer. Four fragmentation channels for compound 1 (N-1) were observed and identified in ES + mode (Scheme 2) as follows: (1) Retro-Michael addition process leading to the extrusion of free thymine base anion (m/z 125) was found to be the dominant reaction channel for both isomeric starting anions (Scheme 3b). This process corresponds to the Path A described also as the most abundant reaction channel for [1H] + in positive mode (Scheme 2). To emphasize similarity of these fragmentation paths, we shall term the negative mode path as Path A -. On the other hand, no N-S bond cleavage products (Path B, Scheme 2) or the sulfonamidine extrusion (Path C, Scheme 2) were obtained upon CID of any of the considered isomeric anions. The low energy product ion spectra of [5-H] -anion in negative mode showed the departure of di-isopropylamine (Scheme 3b), as the minor process with the ca 30% abundance relative to the Path A . It should be mentioned that the product ions spectra for [1-H] -also showed departure of NCO -(m/z 42) as the minor path at higher collision energies (Scheme 3a). Appearance of NCO -fragment in the negative mode CID spectra of the ion [1-H] -indicates substitution position, additionally confirming the structure of the starting ion [40] . This could be rationalized by analogy to the fragmentation of a thymine anion. Thymine N1-H deprotonation led to an anion, which was stabilized by resonance through the ring where O4 accepted charge what was confirmed by the N1-H acidity decrease in O4 substituted derivative, Scheme 3 [41] . Owing to the higher gas-phase acidity (GA) of N1-H compared with N3-H the corresponding anion with the charge located on N1 is more stable and ring cleavage does not proceed through deprotonation at N1. In line with this, the fragmentation of [5-H] -did not show formation of NCO -fragment even under the higher energy CID conditions. Our results agree well with previous experimental and theoretical results for thymine, N-1-methylthymine, N-3-methylthymine, O-2-methylthymine, and O-4-methylthymine [42] .
Calculation Results
To explain the observed fragmentation patterns in positive and negative mode described in the previous section, we calculated reaction Gibbs energies (Δ r G) and the activation energies (E a ) for the primary reaction pathways leading to a fragmentation of the starting ion into two fragments. Again, we shall start our discussion by analyzing the reaction paths at the cationic potential energy surface. Optimized structure of the starting ion [1H] + is presented in Figure 4 . Apart from Path B, all other observed processes are initiated by the H β proton shifts to either thymine subunit (Path A) or toward one of the amidine nitrogen atoms (N SA or N iPr , Paths C and D, respectively, structures 9 or 12 in Scheme 4), and our calculations predict that these proton shifts are the ratedetermining steps along the corresponding reaction paths. In the case of Path B, fragmentation proceeds by direct S-N SA bond cleavage without any proton shift associated with this process. The lowest energy transition state structures calculated for all four primary fragmentation paths are shown in Figure 5 , and the structures of the cumulative results of kinetic and thermodynamic investigations of the four fragmentation pathways are shown in Table 1 .
Locating a minimum energy reaction path for Path A appeared to be the most demanding task. Four different routes were found, each of them initiated by a proton shift from ethyleneamidine moiety toward thymine subunit.
The McLafferty type of fragmentation was found to be kinetically favorable over the other tested mechanisms (see Supplemental Materials, Figure S11 ). This mechanism includes H β proton shift to one of the neighboring oxygen atoms in a 1,5-fashion inducing N1(N3)-C α bond scission and proceeding further to the products through the formation of the sixmembered transition state (TS A , Figure 5) . A six-membered cyclic transition state can also be formed by the amidine proton shift toward N1, which would also lead to the N1-C α bond scission. However, the barrier calculated for this process is significantly higher (63. 8 -in the case of amidine (NH) proton migration, unstable primary carbocation needs to be formed. Another considered possibility was H β -to-N1 1,3-proton shift, which would also lead to a direct formation of acrylic bond. Such reaction involves the tight four-membered transition state, which is connected to the relatively high activation energy (see Supplemental Materials, Figure S11 ). The fourth possibility is direct C-N1(N3) bond cleavage, which ends up in formation of the four-membered ring instead of acrylamidine. ) for this process also rules it out as the least favorable possibility.
Our calculations indicate that migration of the same H β proton also triggers Paths C and D (Scheme 4 and TS C and TS D in Figure 5 ) where 1,3-proton shift toward either of two amidine nitrogen atoms leads to a formation of the less stable intermediates 9 and 12 (Scheme 4), which undergo extrusion of the neutral sulfonamide or diisopropylamine in the energetically favorable processes. Again, an alternative pathway for a migration of the proton suited at thymine subunit (H T , Figure 4) toward the amidine group was tested. This pathway involves a three-step process in which carbonyl oxygen serves as a mediator for the proton shift (see Supplemental Material Figure S12 ). The latter mechanism is calculated to have a slightly higher barrier (75.7 kcal mol -1 in the case of N-1 derivative) than H β proton shift. Thus, the one-step H β proton shift is considered to be more probable if compared with the three-step alternative. Finally, extrusion of the tolylsulfonyl cation 8 (Path B in Scheme 5 and TS B in Figure 5 ) is a consequence of direct N-S bond cleavage and is not activated by any proton shift.
In the case of N-1 derivative, experimentally observed results agree well with the trend in the calculated activation energies. Activation energy for the fragmentation via Path A is the lowest one and consequently it is the most populated fragmentation channel. According to the calculations, Path B is disfavored with respect to Path A by 13.5 and 6.4 kcal mol for N-1 and N-3 derivative, respectively. A smaller difference in the activation energy is apparently sufficient to induce a switch in the preference of the fragmentation channels and an almost complete retardation of Path A. A fragmentation via the Path B arises from a simple stretching of the sulfonamide N-S bond and does not require to be activated by the proton shift.
Such processes usually occur through a late transition state possessing large density of states. Consequently, these fragmentation channels can be preferred regardless of their higher activation energies [43] .
Paths C and D are strongly disfavored over Paths A and B because of their high activation energies (ca 70 kcal mol [5-H] -are given in Scheme S1 in the Supplemental Material. Complete energy profiles for the fragmentation processes are given in Figure S10 in Supplemental Material for N-1 and N-3 isomers, respectively. Difference in the activation energies of 8 kcal mol -1 is also higher than the corresponding difference obtained for the same processes in the positive mode. In the negative mode, no mobile protons were present at either thymine or amidine subunits, additionally supporting our finding that shift of H β proton actually triggers the elimination of thymine. It is reasonable to assume that the presence of base additionally promotes the mobility of H β proton, leading to the further lowering of the barrier in the basic solution. These findings are in full accordance with the experiment in solution conducted in this work (Scheme 1) and explain strong preference of the retro-Michael reaction over desulfonation and other fragmentation reactions.
Conclusions
O u r i n v e s t i g a t i o n s s h o w t h a t t h e N -1 a n d N -3 tolylsulfonamidino substituted thymine derivatives show significant difference in fragmentation patterns and could be easily differentiated under ESI-MS/MS conditions. Thus, ESI-MS experiments conducted on the N-1 derivative showed elimination of acrylamidine (retro-Michael addition) as the most abundant reaction channel in the gas phase under applied conditions. Besides other less important fragmentation pathways, elimination of the sulfonyl group proved to be a competitive process in the positive mode but only under higher energy conditions. On the other hand, N-3 derivative 5 is found to be more inert toward the elimination of acrylamidine, which is ascribed to a stronger N-C α bond and somewhat higher barrier. In this case, removal of the sulfonyl group was found to be a dominant process. Detailed quantum chemical investigations of the observed processes in the gas-phase reveal H(C β ) proton as sufficiently labile, triggering most of the observed primary fragmentation paths. This is particularly true for the formation of acryl sulfonamidine 3, which is formed in a kinetically favorable process via six-membered McLafferty type transition state. Our calculations also reveal that the same process proceeds even more easily on the anionic potential energy surface, thus providing a basis for explanation of the experimental results. In contrast to the situation in alkyl sulfonamides, reaction channel leading to the elimination of the tolylsulfonamide (Path C) was found to be less populated than the one producing sulfonyl cation (Path B). According to the theoretical and experimental investigations in the gas phase, formed N-3 derivative 5 is less prone to the C-N bond cleavage with respect to the derivative 1. A significant difference in the observed fragmentation pattern of N-1 and N-3 isomers proves the ESI-MS technique as an excellent method for tracking the fate of similar sulfonamidine drugs during the applications.
The mass spectral results are in a good agreement with the experiments in solution conducted in this work, where the reaction of N-1-alkyl-N-sulfonylamidino thymine 1 with F -(TBAF) in THF proceeded by the cleavage of thymine N1-CH 2 bond resulting in the formation of the mixture of the products identified as the N-3 substituted thymine 5, the N-3,N-1-disubstituted thymine 4, acryl sulfonamidine 3, thymine 2, and starting N-1 substituted thymine 1 as a result of the Michael/retro-Michael addition reactions. On the other hand, expected removal of the sulfonyl group from the amidine nitrogen atom was not obtained. The observed in situ N-1 and/or N-3 thymine alkylation with reactive acryl sulfonamidine 3 as the Michael acceptor may open interesting possibilities for the preparation of other N-3 substituted pyrimidines.
